The photo-induced enhancement of second harmonic generation, and the effect of nanocrystal shape and pump intensity on confined acoustic phonons in semiconductor nanocrystals, has been investigated with time-resolved scattering and absorption measurements. The second harmonic signal showed a sublinear increase of the second order susceptibility with respect to the pump pulse energy, indicating a reduction of the effective one-electron second-order nonlinearity with increasing electron-hole density in the nanocrystals. The coherent acoustic phonons in spherical and rod-shaped semiconductor nanocrystals were detected in a time-resolved absorption measurement.
Introduction
The dependence of the electronic structure and charge carrier interaction of semiconductor nanocrystals on the size and shape are perhaps their most prominent material properties. [1] [2] [3] Continuous tuning of the band-edge absorption and emission wavelengths and control of the pathways and rates of charge carrier relaxation can be realized by varying the size, shape and interfacial structure of the nanocrystals. So far, the majority of studies of the size and shape-dependent optical and electronic properties have been performed under conditions where the density of photo-generated charge carriers is small. 1, [3] [4] [5] The average number of electron-hole pairs created by photoexcitation was 3 typically from less than one to a few per particle. On the other hand, the properties of semiconductor nanocrystals with a large number of electron-hole pairs, e.g. tens to hundreds per nanocrystal, have received much less attention. 6 In bulk semiconductors, the effects of creating dense electron-hole pairs on their optical and electronic properties have been relatively well studied. Bandgap renormalization and the onset of metallic reflectivity have been observed in bulk semiconductors with a high density of charge carriers, e.g. >10 21 /cm 3 . [7] [8] [9] When the electron-hole density reaches about 10 % of the atom density or higher, its influence on the electronic structure becomes drastic. From direct coupling of the electron-hole plasma and the lattice, non-thermal melting occurs before the electronic energy is transferred to the crystal lattice. 10, 11 In principle, all the processes responsible for the bulk phenomena are operating also in nanocrystals under the influence of spatial confinement. The effect of size reduction on nanocrystals in the high electron-hole density regime is, however, more complex than in the low electron-hole density regime. In addition to the usual quantum confinement effect on the charge carriers, suppression of carrier diffusion, thermal gradients and mechanical stress, which affect the optical and structural properties in bulk semiconductors, has to be considered. Moreover, the dense electron-hole pairs in semiconductor nanocrystals should behave more like an electron-hole plasma with very weak interactions as compared to bound electron-hole pairs. When the electron-hole density is sufficiently high, they may even look like metallic nanocrystals. In this case, the influence of spatial confinement on the electronic properties of semiconductor nanocrystals of high electronhole density can be significantly different from those of low electron-hole density.
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In this work, we created a high density of electron-hole pairs in colloidal semiconductor nanocrystals and studied their effect on the optical nonlinearity and structural properties of the nanocrystals. Our particular interest is in the photo-induced enhancement of the incoherent second harmonic generation (SHG) and acoustic phonons in colloidal semiconductor nanocrystals. Time-resolved measurements of the enhancement of SHG signals at various photoexcitation intensities were made to investigate the second order optical nonlinearity in CdTe nanocrystals with dense electron-hole pairs under spatial confinement. Generation of dense electron-hole pairs by a short and intense laser pulse in semiconductor nanocrystals can also create coherent lattice motions. They are capable of directly affecting the optical and electronic properties via structural modification. 12, 13 In addition, coherent lattice displacements can play a crucial role in phase transitions, if the displacement of atoms can assist the nanocrystals in reaching the transition state. 14 In this study, our focus is on the shape and excitation intensity dependence of the frequency and the amplitude of the coherent acoustic phonon modes in CdSe nanocrystals. From a simple analysis of the optical signature of the coherent acoustic modes, we infer the relationship between the response of the lattice and the level of excitation of the charge carriers in semiconductor nanocrystals.
Experimental Section
In this study, chemically synthesized colloidal nanocrystals of CdSe and CdTe were used. Spherical and rod-shaped CdSe and CdTe nanoparticles were synthesized following published procedures. 1, 2 These nanoparticles were dispersed stably in cyclohexane, which was used as the solvent.
The laser system used was a regeneratively amplified Ti:Sapphire laser (Spitfire, Spectra Physics), which produces 1 mJ pulses of 40 fs (fwhm), centered at 800 nm at a repetition rate of 1 kHz. The output beam was split into two or three beams depending on the specific setup required for each experiment. One beam was frequency-doubled in a type-I, β−barium borate (BBO) crystal to generate 400 nm pump beams. Before the BBO crystal, a half wave plate and a polarizer were placed to continuously vary the intensity of the 400 nm beam, for the pump intensity dependent study. The second 800 nm beam was 
Results and Discussions
Photo-induced enhancement of the second harmonic generation in CdTe nanocrystals. Figure 1A shows a simple schematic description of the measurement of the second harmonic generation (SHG) from photoexcited nanocrystals. The apparatus was set up in the pump-probe configuration, where variably time-delayed 880 nm light probed 7 the time-dependent SHG signal from the photoexcited nanocrystals. In Figure 1B , a typical SHG spectrum from the CdTe nanocrystals recorded with 880 nm probe light only is shown. CdTe nanocrystals have a non-vanishing second order electrical susceptibility, χ (2) , due to the lack of inversion symmetry in their crystal lattice. At wavelengths near 600 nm and longer, a two-photon fluorescence signal from the CdTe nanocrystals was noticeable when the pulse energy of the 880 nm probe light was higher than ~2µJ. In this study, we set the probe pulse energy below 1 µJ to minimize the interference from two- although it does not follow simple exponential decay kinetics. Similar increases in the SHG signal after photoexcitation have been observed earlier on the surfaces of bulk gold, and silicon with a native oxide overlayer, in surface SHG measurements. 15, 16 On the other hand, decreases in SHG after photoexcitation have also been observed in p-nitroaniline and ZnO crystals. 17, 18 The photoinduced enhancement of SHG on gold surfaces has been explained in terms of the increased overlap of the states involved in two-photon excitation and de-excitation due to the broadened Fermi-Dirac distribution of the electrons. On silicon surfaces, the mechanism for the SHG enhancement is less clear since the surface composition (oxide terminated vs. H terminated) has a large effect on the SHG. In the case of p-nitroaniline and ZnO, diminution of the SHG was explained in terms of reduced anisotropy of the excited state charge distribution resulting in a reduced contribution of the excited state to the overall χ (2) . The increase of the SHG after photoexcitation in CdTe nanocrystals indicates that the conduction band electrons exhibit stronger second order nonlinear response than the valence band electrons.
The time-dependence of the SHG signal in photoexcited bulk semiconductors and metals has often been ascribed to the relaxation of the photoexcited carriers. 18, 19 The 1/e decay time of the SHG signals shown Figure 2 is ~3 picoseconds, which becomes only slightly longer with increasing pump pulse energy. In further analysis of the data, we used the relative enhancement of the second order susceptibility In semiconductor nanocrystals such as CdSe and CdTe, carrier relaxation can also be probed by monitoring the pump-induced carrier absorption in the near infrared spectral region, where intra-band absorption occurs. 5 The time scale of pump-induced absorption decay measured at 880 nm probe wavelength was ~2 picoseconds, which is shorter than the SHG signal decay time. Considering that the induced absorption decay time is dependent on the probe wavelength, the discrepancy in the two decay time scales is considered not significant.
On the other hand, there is a more distinct difference between 
valence and conduction band electron density
This simple two-level model has been previously employed to explain the pump-induced changes of SHG signal in a number of systems. 16, 18, 20 In this study, the pump pulse energy dependence of the SHG signal and the calculated ) 2 ( rel χ deviate from predictions based on the above assumption. Figure 3 shows the plot of the peak value of where χ (2) per nanocrystal increases with the size of the nanocrystal. 21 
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The sublinear increase of ) 2 ( rel χ means that the average one-electron second order susceptibility of the electrons excited to the conduction band diminishes as the carrier density increases in the nanocrystals. Although a number of factors have been suggested to explain electron-hole density dependent ) 2 ( rel χ , such as bond charge, local field effect, symmetry of lattice and charge distribution etc., current understanding on this issue remains still crude. 9 The simplest explanation for the sublinear increase of with three-dimensional spatial confinement has not been made. 22 In Figure 3 , the estimated electron-hole density at the best fitting parameter x 0 for the exponential saturation curve is ~8·10 20 /cm 3 . Based on the foregoing discussion, this may be qualitatively interpreted as the electron-hole density, where the charge carriers change their character from bound pairs to free plasma. 23 In this study, CdTe nanocrystals of two different sizes (7 nm and 13 nm) were used to represent the relatively strong and the weak confinement regime respectively (bulk exciton Bohr radius = 7.5 nm). The two samples exhibit only a small difference in ) 2 ( rel χ at higher pump energies, without significant size dependence. However, because of the limited set of size dependent data of this study, we cannot make a conclusive remark on the size dependence of ) 2 ( rel χ at this point. Further studies with nanocrystals of broader size range will be necessary in order to reach a more definitive conclusion.
Coherent confined acoustic phonon in CdSe nanocrystals. Coherent phonons can
be excited by the optical excitation of electron-hole pairs in semiconductor materials through various electron-phonon coupling mechanisms. Depending on the specific mechanism, coherent phonons can be excited in optical and/or acoustic modes. In nanocrystals, the frequency of the acoustic mode exhibits size dependence whereas the optical mode is independent of the size of the nanocrystals. 24 The effect of the surface and the size of the nanocrystals on the excitation of coherent acoustic phonons has been a 13 subject of interest in earlier studies. 12 In this study, our focus is centered on the shape and excitation intensity dependence.
Excitation of coherent phonons in nanocrystals is relatively easily seen in the timeresolved absorption data. Figure 4A 24, 25 In CdSe nanocrystals under weak excitation, deformation potential coupling is considered to be the dominant mechanism. 12 In Figure 4B , the oscillatory parts of the time-resolved absorption data are shown for several probe wavelengths near the first excitonic absorption peak (550 nm). There is no observable phase shift of the oscillation across the first excitonic absorption peak and the phases are almost constant at all probe wavelengths. The absence of a phase shift is probably because the bleach of the first excitonic absorption does not recover during the period of time the oscillations are observed under the relatively strong excitation conditions of this study. The slow recovery of the excitonic absorption results in a more featureless absorption lineshape.
Therefore, bandgap modulation is primarily responsible for the observed oscillation. This is in a good contrast to what was observed in gold nanocrystals, where the shift of the 14 plasmon resonance peak results in a 180º phase shift of the oscillation when the probe wavelength is varied across the peak of the plasmon absorption. 26 In Figure 5A , a comparison of the oscillatory parts is made between the two CdSe nanocrystal samples of 3.9 and 7 nm in diameter, obtained with 400 nm pump and 520 nm probe. The oscillation frequencies determined by the Fourier transformation are 24 and 13 cm -1 for 3.9 and 7 nm nanocrystals, respectively. 27 The frequencies are inversely proportional to the diameters of the nanocrystals. Dephasing of the oscillations is slower in the larger nanocrystals. The size dependence of the frequency and dephasing time of the coherent acoustic modes in spherical nanocrystals has been previously investigated by Cerullo et al. for InAs nanocrystals. 12 The frequency of the acoustic modes was well explained by a continuum model describing the confined radial breathing mode using bulk elastic constants. Slower dephasing in larger nanocrystals was ascribed to the smaller surface area per volume, which acts as the window for coherence loss. Our observations made for spherical CdSe nanocrystals are in accordance with the findings of Cerullo et al. Figure 5B compares the oscillations of a nanosphere and nanorod, whose radii are similar. While there is one isotropic radial mode in a spherical nanocrystal, there are transverse and longitudinal modes in a nanorod. Although the two modes in the nanorod are not strictly separable, transverse and longitudinal mode frequencies are dependent on the width and length of the nanorod, respectively. 28 In Figure 5B , both the sphere and the rod exhibit similar oscillation periods. This indicates that the observed oscillations in the nanorod reflect mostly the transverse (radial) mode of the coherent phonons. This is consistent with the fact that the bandgap in a nanorod is primarily determined by the 15 width rather than the length of the rod. 29 Although only the changes in the linear absorption have been observed in this study, other higher order optical properties can be affected by coherent phonons in principle. In the bulk, modulation of the surface second harmonic signal has been observed after exciting coherent surface phonons. 13 In this study, we have not observed the effect of coherent acoustic phonons on second harmonic signals from the spherical CdTe nanocrystals discussed in the previous section possibly due to the radial symmetry of the breathing mode.
In Figure 6A , the pump energy dependent oscillations in spherical CdSe nanocrystals are shown for a broad range of excitation energies. The frequency and phase of the oscillation do not show noticeable dependence on the pump pulse energy. This indicates that the elastic constants of the nanocrystals do not depend significantly on the level of excitation. It should be mentioned, however, that the restoring force between the atoms can be weakened significantly under strong excitation before carrier relaxation occurs.
Such softening of the lattice is responsible for non-thermal melting in many semiconductors, and can persist long enough to be seen via the frequency shifting of optical phonons. 30 The influence of lattice softening on acoustic phonons, on the other hand, may not be clearly observable due to the relatively long oscillation period (>1 picosecond) compared to the time scale of lattice softening by dense electron-hole pairs.
The amplitudes of the oscillations in Figure 6A exhibit an increase as the pump pulse energy increases. While the frequency of the confined acoustic mode has a relatively well-established relationship to material parameters, such as the elastic constants, the amplitude of the oscillation is a more complex problem. 31 In a simple picture of acoustic deformation potential coupling, the bandgap shift is proportional to the compression or expansion of the lattice. 32 In this case, a simple linear relationship between the oscillation amplitude and the atomic displacement may be obtained if the slope of the absorption vs.
wavelength does not change much. In reality, this is an over-simplification especially at early delay times before the relaxation of the carriers, since both the electronic structure and the restoring force between the atoms are altered under strong excitation.
Nevertheless, oscillation amplitudes measured at delay times later than the carrier relaxation time may still provide useful information on the relative amplitudes of lattice displacement at various pump pulse energies. Figure 6B shows the pump pulse energy dependence of the relative oscillation amplitudes. The amplitudes are measured simply by taking the peak-to-peak amplitude for one oscillation cycle at the time delays of 2-3 picoseconds, ignoring possible dependence of dephasing time on the pump intensity. The increase of the oscillation amplitude with pump pulse energy can be interpreted as an increase of the amplitude of the coherent lattice displacement. Within the simple picture discussed above, the saturation of the oscillation amplitude in Figure 6B suggests the saturation of the lattice displacement. It should be pointed out, however, that the purely optical measurement has limited capability of probing the structural changes of the crystalline materials. More quantitative information on lattice displacements should be obtained by using another experimental method to directly probe the crystal structures, such as time-resolved diffraction or x-ray absorption.
Conclusions
We have investigated the photo-induced enhancement of incoherent second harmonic generation and the shape and pump intensity dependence of the coherent acoustic phonons in semiconductor nanocrystals under intense photoexcitation. As the photoexcited electron-hole density increased, the SHG signal from the nanocrystals also increased, indicating that the second order electric susceptibility is higher for the conduction band electrons than the valence band electrons. The increase of the second order susceptibility is sublinear to the pump pulse energy, indicating that the effective one-electron second-order nonlinearity diminishes with increasing electron-hole density.
The coherent acoustic phonons in spherical and rod-shaped semiconductor nanocrystals were detected in the time-resolved absorption measurement. Both nanocrystals exhibited an oscillatory modulation of the absorption cross section, whose frequencies correspond to the coherent radial breathing modes. The amplitude of the oscillation also increased with the level of photoexcitation, suggesting the increase of the amplitude of the lattice displacement as well. 
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